Abstract: We studied kill rates by wolves (Canis lupus) on a rapidly growing moose population in the east-central Yukon. We added these data to the cumulative functional response curve obtained in other North American wolf studies. Our kill rates are higher than those predicted at low moose densities. The kill rate increases rapidly, reaching 2.4 moose per wolf per 100 days at 0.26 moose/km 2 and remains constant at this level. No data are available below 0.2 moose/km 2 to indicate the shape of the ascending curve. Based on moose distribution and the low prey-switching ability of wolves, we suggest that the functional response curve is of type II. Our wolf predation rate model predicts that moose are held to a low density equilibrium between 0.07 and 0.12/km 2 , slightly below densities observed in interior Alaska and the Yukon. 
Introduction
There is conflicting evidence that wolves (Canis lupus) show a density-dependent response that allows them to regulate ungulates to a single equilibrium density. Four competing models describing the relation between moose and their predators are summarized in Ballard and Van Ballenberghe (1997) . Wolf predation has apparently regulated North American moose (Alces alces) to a low density (Messier and Crête 1985; Messier 1994) , although wolves did not regulate moose on Isle Royale, Michigan (Messier 1991) . Gasaway et al. (1992) concluded that predation by wolves and bears has kept moose at low density in Alaska and the Yukon. To regulate prey densities, wolf predation must have a density-dependent phase, allowing wolves to remove an increasing proportion of prey as prey densities increase (Solomon 1949; Holling 1959 Holling , 1966 . Density-dependence is the key element of regulation (Maynard Smith 1974; Murdoch 1994) and wolves must exhibit it in order to hold prey populations within a narrow range of densities. However, only a few previous attempts have been made to test for the regulation of moose by wolves (Messier and Crête 1985; Messier 1991 Messier , 1994 .
Knowing whether wolves regulate moose is a central question in wildlife management because it can influence moose-management decisions (Gasaway et al. 1992; Ballard and Van Ballenberghe 1997) . If wolf predation eventually regulates moose to a low density, regardless of how high moose densities get (predation model; Messier 1994) , then releasing moose through wolf reduction will have only temporary benefits (Gasaway et al. 1992; Dale et al. 1994) . If there is a higher threshold for moose density at which the wolf predation rate falls below the moose rate of increase, then moose could reach a higher stable population (predationfood model; Messier 1994) .
In this paper we examine wolf functional responses as moose density increased from 0.26 to 0.44/km 2 in the Finlayson Study Area (FSA) in the Yukon (see Fig. 1 in . We determine if the wolf functional response contributes to the regulation of low-density moose by adding our data on wolf kill rates to a wolf predation rate model by Messier (1994) .
Components of wolf predation
There are two essential components of predation (Solomon 1949; Holling 1959) . The relation between a predator's consumption rate and prey density is known as its functional response (Solomon 1949) . The functional response plateaus when the predator becomes satiated. The numerical response, or the change in number of predators in relation to prey density, plateaus when competition for prey or social interactions limits predator density. A type II functional response rises at a decelerating rate and cannot be regulatory in the absence of an accompanying density-dependent numerical response (Oaten and Murdoch 1975; Dale et al. 1994; Messier 1994) . A sigmoid type III response could regulate prey without a corresponding numerical response because it has a rapidly accelerating phase that allows each wolf to kill an increasing proportion of prey as prey numbers increase.
Wolf functional response models Dale et al. (1994) and Messier (1994) reported type II wolf functional responses. Messier and Crête (1985) and Messier (1991) reported type III responses. Messier (1994) presented a review of wolf predation rates on North American moose. His model showed that a type II functional response, combined with a strong numerical response, could regulate moose to a stable low equilibrium density between 0.2 and 0.4 moose/km 2 . Nevertheless, below 0.3 moose/km 2 the shape and elevation of his curve is not convincing because it is loosely fitted through a small number of variable kill rates.
Experimental approach and predictions
From 1983 through 1989, wolves in our study area were annually reduced to about 20% of the natural density. Numbers of moose (Larsen and Ward 1995) and woodland caribou (Rangifer tarandus caribou) (R. Farnell, Yukon Fish and Wildlife Branch, Box 2703, Whitehorse, YT Y1A 3C6, unpublished data) increased coincidentally. These field conditions allowed us to test the nature of predation as wolf numbers increased from 1990 through 1994, at the same time that moose increased from low to moderate density. We tested two predictions about wolf predation: (1) for the wolf functional response to be type II, the kill rate (number of moose killed per wolf per 100 days) should increase with moose density; and (2) for a type III response, the kill rate should increase faster than the moose rate of increase.
Materials and methods
The FSA is a 23 000-km 2 area (62°N, 128°W) centered around Finlayson Lake in the east-central Yukon . For detailed descriptions of physiography, vegetation, and climate see the description by Oswald and Senyk (1977) . Methods for determining annual abundance of moose are described in . studied the mechanics of wolf population recovery from 1990 through 1996. found that the wolf kill rate was strongly correlated with wolf-pack size, so we separated packs into three size classes: small (2 or 3 wolves), medium (4-9 wolves), and large (10-20 wolves). We then examined linear relations between kill rate and moose density for the three size classes.
We tested for both functional response and total predation rate using the models presented by Messier (1994) . Type III models were produced by applying exponents to moose density (Real 1979; Dale et al. 1994; Messier 1994) . We used SYSTAT (1989) nonlinear regression programs to fit equations to the observed responses.
Results
In the FSA, wolves killed 6.9 ± 0.7 (mean ± SE) moose/ wolf/100 days when hunting in small wolf packs (n = 18 pack-periods), 3.5 ± 0.4 moose/wolf/100 days in medium packs (n = 12), and 2.1 ± 0.1 moose/wolf/100 days in large packs (n = 14) (Appendix, Table A1 ). Kill rate was densityindependent between 0.26 and 0.44 moose/km 2 for all three pack size classes ( Fig. 1 ; small: r 2 = 0.06, df = 17, P = 0.35; medium: r 2 = 0.001, df = 11, P = 0.91; large: r 2 = 0.008, df = 13, P = 0.76). We found no evidence of either a type II or a type III functional response. Thus, we rejected both predictions 1 and 2.
We combined kill rates by wolves in medium and large packs ( Fig. 1) , then calculated mean kill rates at the four moose densities for comparison with data presented by Messier (1994) . We excluded wolves in small packs because their kill rates were higher and more variable than those of other packs, and because small packs were temporary units .
Estimating wolf functional response
We compared our kill rates with those of Messier (1994) and obtained new information about the probable shape of the wolf functional response curve. Kill rates in our study ranged from 2.2 to 3.4 moose/wolf/100 days, no different ( Fig. 2) from kill rates at medium and higher moose densities reported in other studies (Messier 1994) .
The kill rate was density-invariant according to our model. Our model also suggests that the kill rate had already peaked at 0.26 moose/km 2 . Thus, the kill rate must increase rapidly from some lower moose density. No data are available for estimating the shape of the functional curve at lower densities.
We chose a type II equation for the functional response model:
where y is the kill rate by a wolf, x is annual moose density (number/km 2 ), 2.97 is the maximum moose-kill rate (number killed/wolf/100 days), and 0.03 is the expected moose density at half the maximum kill rate (Messier 1994) .
This equation projects that the kill rate will remain high until moose fall to a very low density, but will then drop sharply before moose are extirpated. Equation 1 projects a rapidly increasing curve until moose exceed 0.2/km 2 , then the kill rate plateaus (curve 1 in Fig. 2 ). The plot of eq. 1 shows that Messier (1994) apparently underestimated the kill rate at low moose density (curve 3 in Fig. 2 ). We combined our data with those from Messier (1994) and calculated a new functional response equation:
The new curve (curve 2 in Fig. 2 ) has the same basic shape as eq. 1 (curve 1 in Fig. 2 ), but its elevation is consistently lower.
Estimating predation rate by wolves
We calculated the year-long wolf predation rate using the numerical response equation of Messier (1994) and eq. 2 for the functional response. We call this the high-kill lowdensity (HKLD) wolf predation model. The HKLD model (Fig. 3) predicts that the predation rate at low density is higher than was estimated by Messier (1994) .
To determine if wolves regulate moose to a low-density equilibrium, the potential rate of increase of moose (i.e., without wolf predation) must be compared with the yearlong wolf predation rate. Messier (1994) provided a theoretical model for a wolf-moose system in which suboptimal habitat (forage) and density-independent bear predation reduced the potential rate of increase of moose to between 15 and 20% (Fig. 4) . This range seems reasonable because moose increased by 18% annually when wolf numbers were decreased by 80% annually in our study area (Larsen and Ward 1995) . The HKLD model shows that a low-density equilibrium is established when the moose density is between 0.07 and 0.12/km 2 (Fig. 3) . The variation depends on the effects of bear predation on the moose rate of increase (Messier 1994) .
Discussion
Wolf functional response and predation rate Our model projects that the functional response curve has already reached an asymptote at 2.4 moose/wolf/100 days when moose are at low density. If there is a density-dependent phase, it is apparently somewhere below 0.20 moose/km 2 . We examined the model of Messier (1994) and found a possible problem. The three lowest kill rates were obtained from one study in Quebec (Messier and Crête 1985) . These points had strong leverage, and substantially reduced the elevation of his curve when density fell below 0.4 moose/km 2 . The curve in our model portrays a density-dependent phase because we assume that one exists (i.e., intercepts y = 0, x ≥ 0). By changing our assumptions we can essentially force any curve through these data. To find the best fit, we must look at other evidence about wolf predation. There are three potentially useful curves that the wolf functional response could assume. First, a simple linear curve with an intercept at 2.4 moose/wolf/100 days; second, a type II curve with an intercept at 0, ≥0; and third, a type III curve with a 0, ≥0 intercept.
The simple linear model, although not intuitively useful, is worth exploring because of the biology it represents. For wolf kill rates to be constant over all moose densities, wolves must first be adept at finding and killing moose, and second, wolves must have a plastic kill-per-unit search response. Both these factors suggest that at moose densities higher than 0.26/km 2 , the kill rate is limited by factors other than the ability of wolves to find and kill moose. These could include the wolves' social behavior which sets the amount of handling time that they spend at moose kills, or simply that they become energetically satiated.
The type II functional response is essentially the same as the linear model, except that we have introduced the logical restriction that when moose density is zero, the predation rate is also zero. Thus, moose cannot be extirpated by wolves. Nevertheless, the other attributes of the linear model apply to a type II model with a steep density-dependent phase. The wolf predation rate is still limited by some thing other than search ability, and wolves can still theoretically drive their prey to very low density.
Wolves can regulate moose density if the wolf functional response is of type III (Messier 1994) . This is because wolves "switch off " moose and kill alternative prey at some threshold moose density. Thus, there should be some critical low density at which the moose rate of increase is higher than the wolf predation rate, saving moose from extinction.
Several things influence the appropriate curve for wolves. Predators are more likely to have a type II functional response for preferred prey that are distributed in patches (Oaten and Murdoch 1975) . Moose were preferred prey and were found in patches in our study, which suggests that a type II response was most appropriate.
A type III response would be appropriate if wolves are feeding in a frequency-dependent manner, or if they show strong prey-switching behavior. Wolves showed a low rate of switching behavior, preferring moose over the more abundant caribou . At the pack level, we found no evidence for a type III response regardless of moose density.
When projecting the type of functional response curve, we cannot overlook the importance of scale. If we are examining wolf-moose interactions within a single pack territory, a type II response curve seems most appropriate; moose are the preferred prey distributed in patches within the wolves' territory. Thus, at the territory level it is possible that wolves drive moose to extinction. At a larger scale, prey can find refugia between pack territories (Nelson and Mech 1981) , and the curve should be of type III if the response curve intercepts moose density somewhere above zero, or if moose are caught infrequently from refugia. In the end, we chose a type II curve as being the simplest and most biologically relevant model. The true shape of the curve, however, remains unknown until kill rates below 0.2 moose/km 2 are collected. Marshal and Boutin (1999) concluded that large kill-rate samples were required to differentiate between type II and type III wolf functional responses. They suggested that more effort be devoted to estimating total predation losses rather than determining the shape of the wolf numerical response.
Regulation of moose density by wolf predation
Whether two stable equilibria exist for moose has been a central debate between ecologists. Walters et al. (1981) Fig. 2 . Wolf functional response to changes in moose density, based on kill rates from our study (᭹) and from Messier (1994; ᭺) . Curves are plotted on our study data (curve 1), cumulative data from Messier (1994; curve 2) , and combined data (curve 3). The kill rate is the number of moose killed per wolf per 100 days. Fig. 3 . Wolf predation rates in relation to moose density. The high-kill-rate -low-density (HKLD) curve includes data from our study and Messier (1994) . Possible stable equilibrium conditions are illustrated (s). Potential rates of increase of moose (A and B) depend on effect of reduced habitat quality and additive bear predation (Fig. 7 in Messier 1994) . The vertical lines indicate possible stable-equilibrium densities of moose according to the HKLD model. presented a model showing low and high stable equilibrium points (i.e., the predation-food model), arguing that wolves could not regulate moose to a single low-density equilibrium. The model was later criticized for its lack of supporting quantitative data (Van Ballenberghe 1987). There are still no clear examples of a high stable moose density in a system in which moose are the primary prey and, at the same time, wolves are naturally limited (Gasaway et al. 1992; Messier 1994; National Research Council 1997) . Boertje et al. (1996) showed that moose reached a density of 1.02/km 2 in Alaska after being released from lower density by a wolf-reduction program in the 1970s (Gasaway et al. 1983 ). After wolf reduction, moose continued to increase, apparently because of the long-lasting effects of wolf reduction and favorable weather (Boertje et al. 1996) . However, it is unclear if moose were at a stable higher density, because wolf reduction was reapplied in the area in 1992 to increase caribou numbers.
In our study area, moose recruitment declined sharply as wolf numbers recovered . Moose density peaked below 0.45/km² and moose were possibly declining by 1996 (R. Ward, Yukon Fish and Wildlife Branch, Whitehorse, Box 2703, Whitehorse, YT Y1A 3C6, unpublished data). Our model predicts that the wolf predation rate will remain high and should drive moose back to lower density. Gasaway et al. (1992) concluded that a combination of wolf and bear predation kept moose in interior Alaska and the Yukon to a low-density equilibrium around 0.15/km 2 . Studies have shown that moose-calf survival can be more strongly limited by grizzly bear (Ursus arctos) predation than by wolves (Ballard and Larsen 1987; Larsen et al. 1989; Ballard and Miller 1990; Ballard et al. 1991; Gasaway et al. 1992) . Thus, bears limit the range of densities within which moose populations could naturally fluctuate (Gasaway et al. 1992; Ballard and Van Ballenberghe 1997) .
Our model projects that the wolf predation rate will exceed the moose rate of increase at densities above 0.12 moose/km 2 , and that wolf predation plays the key role in keeping moose to low density. The HKLD model shows that bear predation does not greatly effect the equilibrium-density range. Hayes et al. (1991) and Messier (1994) argued that wolf predation has a stronger effect than bear predation on moose population dynamics. This is because moose are preferred year-round prey and wolves kill all age-classes of both males and females. The adult survival rate has a more profound effect on the rate of increase of long-lived species than does the calf survival rate (Eberhardt et al. 1982; Nelson and Peek 1982) . Although bears can also be important predators of adult moose in summer and fall (Boertje et al. 1988 ), they do not prey upon moose for nearly half of the year, during winter. In our study area, modeled wolf predation rates and projected that wolves removed up to 16% of moose older than calves in winter.
Throughout interior Alaska and the Yukon, the mean moose density is 0.15/km 2 (Gasaway et al. 1992) , similar to the equilibrium density of 0.12 that we estimated in our model. Regional densities range from 0.045 to 0.417 moose/km 2 (Gasaway et al. 1992) , suggesting that the effects of wolf predation are dynamic. Variation should be expected, given the many extrinsic factors that can influence both moose density and wolf predation rate (Skogland 1991 and references therein; Boutin 1992; Messier 1994). Density-invariant factors that can influence the availability of prey to wolves include harvest, habitat heterogeneity, prey refuges, birthseason synchrony, seasonal aggregations of prey, prey size, age, prey vulnerability, alternative prey species, bear predation, and the effects of other compensatory mortalities (e.g., starvation, disease). Any of these can have important effects on the organization of the predator-prey community, and could temporarily influence how strongly wolf predation holds moose at low density. Conversely, there is no evidence that extrinsic factors can release northern moose populations from the effects of wolf predation long enough to allow them reach higher stable densities that are regulated by food supply.
Our model predicts that the wolf predation rate is stronger than was previously estimated when moose density is below 0.5/km 2 (Fig. 3) . Our model also predicts that wolf predation will hold moose at a narrow density range of 0.07-0.12/km 2 near the low-density equilibrium of 0.15/km 2 estimated by Gasaway et al. (1992) . In most areas of the Yukon, moose density is below 0.2/km 2 (R. Ward, unpublished data), suggesting that our model reasonably fits. Our model also predicts that Yukon moose cannot escape the upper boundary density of 1.0/km 2 (Messier 1994 ) and reach a higher stable density regulated by food supply.
We also found no evidence that temporarily releasing moose from wolf predation will result in long-term positive effects on moose. Modeling of wolf-pack kill rates indicates that predation should drive FSA moose to lower density in our study area , and there is evidence that this is happening. Moose survival rates are also directly limited by non-equilibrium events, including severe winters, overhunting (Gasaway et al. 1983 (Gasaway et al. , 1992 , and bear predation (Boertje et al. 1988; Larsen et al. 1989) . When combined with the first-order effects of wolf predation, these factors can act in an increasingly antiregulatory fashion, causing moose to decline to even lower density. We recommend that harvest rates be conservatively set in northern areas where wolves and bears are naturally limited. When conditions are particularly unfavorable for moose, there could be no harvest surplus available.
We agree with Marshal and Boutin (1999) that researching the shape of the wolf functional response curve will reveal less about wolf-moose relations than predation-rate models will. The HKLD model predicts that the wolf predation rate already exceeds the moose rate of increase as densities fall below 0.26 moose/km 2 , and the shape of the rapidly increasing functional response curve does not matter. To determine if wolves effectively regulate moose density, more adaptive management experiments are needed to reveal the density-dependent nature of wolf predation at lower (<0.2 moose/km 2 ) and higher (>0.5 moose/km 2 ) densities than those we studied. 
